Abstract: During non-severe fault conditions, crowbar protection is not activated and the rotor windings of a doubly-fed induction generator (DFIG) are excited by the AC/DC/AC converter. Meanwhile, under asymmetrical fault conditions, the electrical variables oscillate at twice the grid frequency in synchronous dq frame. In the engineering practice, notch filters are usually used to extract the positive and negative sequence components. In these cases, the dynamic response of a rotor-side converter (RSC) and the notch filters have a large influence on the fault current characteristics of the DFIG. In this paper, the influence of the notch filters on the proportional integral (PI) parameters is discussed and the simplified calculation models of the rotor current are established. Then, the dynamic performance of the stator flux linkage under asymmetrical fault conditions is also analyzed. Based on this, the fault characteristics of the stator current under asymmetrical fault conditions are studied and the corresponding analytical expressions of the stator fault current are obtained. Finally, digital simulation results validate the analytical results. The research results are helpful to meet the requirements of a practical short-circuit calculation and the construction of a relaying protection system for the power grid with penetration of DFIGs.
Introduction
Since wind energy is expected to play an important role in the future energy industry, wind power generation technology has received world-wide attention. Wind power generation based on the doubly-fed induction generator (DFIG) has gained increasing popularity due to several advantages, including smaller converter ratings around 30% of the generator rating, variable speed and four-quadrant active and reactive power operation capabilities, lower converter cost, and power losses compared with the fixed-speed induction generators or synchronous generators with full-sized converters [1, 2] . As the power penetration from the DFIG-based wind turbines into the grid has increased steadily in recent years, the grid codes require that the wind power generators should not be tripped from the grid but stay connected during the fault conditions [3] , which means that the wind turbines have the capability of low voltage ride through (LVRT) [4] [5] [6] .
The operation characteristics of DFIG under LVRT conditions have a large influence on the fault characteristics of current [7] . This means that the DFIGs bring many new problems and challenges to the traditional relaying protection of the power grid. Therefore, in order to establish a solid basis for the relay protection study of the power grid with DFIGs, the fault current characteristics of the DFIG should be studied.
During severe fault conditions, in order to ensure the safety of the DFIG, the crowbar protection [8] will be activated to short circuit the rotor windings and divert the surge current from the rotor-side converter (RSC). Up to now, the fault current characteristics of the DFIG under severe fault conditions have been discussed widely [9] [10] [11] . Whereas the crowbar protection will not be activated and the rotor windings are still excited by the AC/DC/AC converter under non-severe fault conditions. The fault current characteristics of the DFIG under non-severe fault conditions, such as transient components and damping time constant, are much different from the severe fault conditions.
For non-severe fault conditions, the fault current of the DFIG is studied based on the assumption that the excitation current will keep constant before and after the fault occurrence [12] or rise rapidly to the maximum value and then keep constant during the grid faults [13] . However, since the response of the AC/DC/AC converter is very fast and complicated during the grid faults, the aforementioned assumptions do not seem to work. In [14, 15] , the dynamic behavior of the fault current of the DFIG under non-severe fault conditions has been discussed. Nevertheless, the research results are based on symmetric fault conditions, and there are no analytical expressions of the fault current under unbalanced fault conditions. Under unbalanced fault conditions, the conventional phase locked loop (PLL) techniques cannot present accurate phase angle estimation because the second harmonics produced by the negative-sequence component of the grid voltage will propagate through the PLL system and will be reflected in the extracted phase angle [16] . In the engineering practice, notch filters are usually used to extract the positive-and negative-sequence components [17, 18] . This means that the transient behaviors of the DFIGs are changed by the notch filters and the research results presented in [14, 15] , do not agree with reality very well. Hence, further research works should be implemented to study the fault current characteristics of the DFIG under unbalanced fault conditions.
In order to fill this gap, a theoretical analysis method for the fault current characteristics of the DFIG under unbalanced fault conditions is proposed. Section 2 introduces the DFIG equations in space vector notation. Section 3 analyzes the influence of the notch filters on the proportional integral (PI) parameters and the simplified calculation models of the rotor current are established. Section 4 analyzes the dynamic performance of the stator flux linkages. Based on this, the characteristics of the stator fault current under unbalanced fault conditions are studied in Section 5. Simulation results given in Section 6 validate the theoretical analysis results.
Doubly-Fed Induction Generator (DFIG) Equations in Space Vector Notation
The positive (dq) + and negative (dq) − synchronous rotating reference frames are chosen to model the DFIG based on the fifth-order two-axis representation, and the model of DFIG is commonly known as the "Park model" [19] .
Using generator convention for the stator windings and motor convention for the rotor windings, the voltage equations and flux linkage equations are expressed as: 
where u is the voltage, i is the current, R is the resistance, L is the inductance, and ψ is the flux linkage. The subscript d and q indicate the direct and quadrature axis components of the corresponding electrical quantity. The subscript s and r indicate the stator and rotor quantities, respectively. m L is the magnetizing inductance. 1 ω is the synchronous angular velocity, and 2
） is the rotor slip in the positive dq frame, and 2 2 ω ω ω r r   （ ） . The subscript "+"and "−" indicate positive-sequence and negative-sequence components, respectively. The superscript "+"and "−" indicate positive (dq) + and negative (dq) − synchronous rotating reference frames, respectively.
is the differential operator. Figure 1 depicts the equivalent circuit model of the DFIG. (a) Equivalent circuit model of the DFIG in the positive dq reference frame rotating at the synchronous speed 1 ω ; and (b) equivalent circuit model of the DFIG in the negative dq reference frame rotating at the synchronous speed 2 ω .
Dynamic Behavior of the Rotor Current
During the fault transient period, the measurements of the active and reactive power are inaccurate. Moreover, it is unreasonable to make the DFIG operate with a unity power factor and capture the maximum wind power. Therefore, a typical handling method is to shut down the external power control loop when a fault is detected [20] . Under this condition, only the operation characteristics of the inner rotor current control loop are taken into consideration for the fault transient analysis. In addition, the rotation speed is considered constant for the following analysis.
Modeling of the Rotor-Side Converter (RSC)
According to the equations of Equations (2) 
Meanwhile, the stator resistance is so small that it can be neglected. Under this condition, substituting Equation (5) and the first two equations of Equations (1) and (3) into the last two equations of Equations (1) It can be seen from Equation (6) In addition, due to the negative components oscillating at twice the grid frequency ( 1 2 ) in the synchronous dq frame while the positive components are realized as DC quantities. Therefore, notch filters N(s) are usually applied to filter out the influence of the 100-Hz frequency components, its structure is designed as:
where n  is the notch frequency which is the same as that of 1 2 , and 1  is the cutoff frequency of the notch filter. Hence, under unbalanced fault conditions, the notch filters are applied to filter out the influence of the 100-Hz frequency component of the d-axis and q-axis components of the rotor currents in (dq) + and (dq) − reference frames. Moreover, the time delay of the pulse-width modulation (PWM) control is disregarded because PWM control has a speed that is markedly faster than that of the electromagnetic dynamic [20] . Hence, taking the control diagram of d-axis and q-axis component in the (dq) + reference frame, for example, the simplified block diagram of the rotor current control loop of the RSC is shown in Figure 2 . In Figure 2 In Figure 2 , both the rotor current references and the stator flux linkages influence the dynamic response characteristics of the rotor current. In fact, the dynamic response characteristics of the rotor current are essentially a function of stator voltage because the inputs of the stator flux linkages are determined by the voltage.
The rotor voltage references are used to generate the PWM wave to control RSC switching. Hence, the rotor voltages of the DFIG can be expressed in Equation (8) 
Assuming that the rotor voltages can always track the references by space vector pulse width modulation, the rotor voltage references are obtained by: 
Range of the Crossover Frequency and Phase Margin
It can be seen from the Figure 2 , the open-loop transfer function of the control system without time delay can be presented as: 2 2
where ( 
The phase angle of this forward path loop gain at the cross over frequency 
According to Equations (11) and (12), the following controller parameters are found:
In order to ensure the ability to rapidly change the signal of the current loop and reduce the signal distortion, the bandwidth cb  of the closed loop system will take more than the maximum frequency cmax  of the effective signal. Moreover, in order to avoid the effect of the switching harmonics, the switching harmonics want to exist in the high frequency band of the inner rotor current control loop.
Hence, the switching frequency should be higher than cb 10 . In engineering, the desired closed-loop bandwidth of the inner rotor current control loop is usually takes values between 1.1 and 1.4 times of the crossover frequency of open loop system [22] . Accordingly, the range of the expected crossover frequency 
where cmax max = 2 60 pn   and s T is the control period of the rotor inverter. p is the number of pole pairs and max n is the maximum speed of the rotor.
From Equation (11), the phase margin can be obtained as shown in Equation (15) if the controller time constant is designed as
When the phase margin is higher than the value of m  in Equation (15), the effect of the integrating element will drop steeply and steady tracking performance will be worsened. Therefore, the value of m  in Equation (15), is set as the maximum phase margin of the PI controller in the engineering application. Accordingly, the range of the expected phase margin 
Transient Characteristics of Rotor-Side Converter (RSC)
According to the Figure 2a , the d-axis component of the rotor current in (dq) + reference frame is:
and:
In order to get the maximum phase margin for the inner rotor current controller, substitute
into Equation (13) to obtain the expressions of iri k  as given in Equation (20):
According to the range of the expected crossover frequency * cr  in Equation (14), the range of the integral constant iri k  can be obtained:
According to the range of the integral constant iri k  , substitute
into Equation (10), the root locus diagram of the open-loop transfer function is shown in Figure 3 . From Figure 3 , it can be observed that the eigenvalues of the system are located in the left-half-plane which means that the control system is stable. Moreover, it can be observed that the range of the imaginary part for the dominant pole is between 610 and 640. This means that the response component of the dominant poles of the system will be limited by the notch filters. Hence, 1 Accordingly, by substituting Equation (7) Likewise, the expression as shown in Equation (26) 
Dynamic Performance of Stator Flux Linkage
According to the symmetrical component theory, if the grid supply is unbalanced, any three-phase quantity, e.g., voltage, current, or flux, denoted as a vector S U can be separated into the positive and negative sequence components as: [24] and applying Laplace transformations to them, it can be obtained:
By substituting Equations (25) and (26) into the first two Equations of (2) and (4), the d-axis and q-axis components of the stator currents can be expressed in Equation (29) 
Under stable operating conditions, the stator flux linkages can be obtained from the Equations (1) and (3) 
In fact, the response of the inner rotor current control loop is much faster than the dynamic change of the stator flux linkage [25] . Therefore, the terms (29) and (30) into the first two Equations of (1) and (3) and the voltage equations of the stator can be obtained as follows: 
Likewise, the expressions of the d-axis and q-axis components of the stator flux linkages in the (dq) − reference frame can be obtained: 
The coordinate transformation is applied to Equation (39), the positive-sequence components of three-phase stator fault currents can be derived as: 
Likewise, the negative-sequence components of three-phase stator currents can be derived as: 
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Simulation Study
Under unbalanced fault conditions, there are various control strategies available for the LVRT requirement of the DFIG [26] [27] [28] [29] [30] [31] [32] [33] . Therefore, the effect of the control strategy on the fault current characteristics of the DFIG must be considered.
Heading Steady-state Reference Signals of Rotor Current
In this paper, in order to ensure balanced heating on the three-phase stator winding, the control target for balanced stator current of the DFIG is used [28] . Therefore, under stable operating condition:
Moreover, in order to provide sufficient reactive current to meet the requirements of the grid code [6] , the reactive current reference signal denoted by T I during grid fault should be:
where all parameters are given in per unit system, and  represents the magnitude of the positive-sequence grid voltage after a fault occurs. Due to the q-axis component of the stator current in the (dq) − reference frame being zero, the q-axis component of the stator current in the (dq) + reference frame under stable operating condition can be expressed as:
In addition, to ensure the safety of the RSC, the maximum rotor current set r I , which is within the admissible overload capability of the RSC, should also be provided. The typical value of set r I is 1.2 per unit (p.u.) [29] .
By substituting Equations (44) 
According to Equation (47), on condition that the control target for "balanced stator current" is applied in the DFIG, the expressions of the positive-and negative-sequence components of the three-phase stator fault currents can be obtained.
Simulation Analysis
In order to validate the previous theoretical analysis results, a simulation model with the DFIG is built in the PSCAD/EMTDC software environment. Among them, the simulation model of the DFIG's control system is derived from reference [17] and the control target for balanced stator current of the DFIG is derived from reference [26] .
It should be noted that the improved control strategy of the GSC presented is adopted to limit the fluctuation of the DC-link voltage [31] . Additionally, the rotate speed is kept constant during grid faults.
The details of the 10.5 kV, 50 Hz test system shown in Figure 5 are as follows. In Figure 5 , the line parameters are r(1) = r(2) = 0.27 Ω/km and x(1) = x(2) = 0.494 Ω/km. The Zero sequence parameter of the line are r(0) = 0.29 Ω/km and x(0) =0.53 Ω/km. The total length of line L is 25 km. The rated capacity of the T is 2.5/2.5 MVA, the turn ratio is 0.69 kV/10.5 kV, the winding type is Y/D, and the leakage reactance is 0.0622 p.u. The voltage magnitude (L-L) of the synchronous generator G is 10.5 kV, the phase angle is 0°, and the internal resistance is 0.5 Ω.
The parameters of the 1.5-MW rated DFIG are: Additionally, the amplitude of the DC component is not damped.
In addition, it can be seen in Figure 7 that there is a small deviation from the calculated rotor currents at initial conditions (about 1/2 cycle after fault initiation) and the simulated rotor currents. This is due to the derivation of the analytical expression for rotor currents being based on the assumed condition that the voltage fluctuations during the grid fault conditions are neglected. In fact, when a fault occurs in the line L, there are oscillations in the terminal voltages of the DFIG due to the imbalance of the instantaneous power during the initial stage. This is the reason why the initial conditions of the calculated rotor currents are different for the simulated rotor currents. Figure 8 shows the comparisons between the theoretical analysis results and simulation results of the d-axis and q-axis components of the stator currents in the (dq) + and (dq) − reference frames. Figure 9 illustrates the amplitude of the positive-and negative-sequence fundamental frequency components of the stator currents ( − reference frame on the condition that the "constant electromagnetic torque" or "balanced rotor current" of the control target is applied in the DFIG [28] . In addition, it can be seen from Figure 8 that the amplitude of the damped fundamental frequency component is only related to the amplitude of the negative-sequence stator voltage component. However, the initial phase angle of the damped fundamental frequency component is constant and it is independent of the negativesequence stator voltage component. Moreover, the amplitude of the damped fundamental frequency component is proportional to the amplitude of the negative-sequence stator voltage component.
In Figure 10 , the simulation results of the Phase-C stator current on the different conditions, of the DFIG without the notch filters ( ap1 SC I  ) and with the notch filters ( SC ap I  ), and the theoretical analysis results of the Phase-C stator current on the condition that the DFIG with the notch filters ( SC I ), are compared. Due to lack of space, only the comparison of the stator current (with or without notch filters) has been shown in this paper. In fact, the AC components with frequency of 1 2 exist in the stator flux linkages, the rotor currents, the stator currents, and the stator voltages on the DFIG, which the phase angles cannot be an accurate estimation by the conventional PLL techniques and without the notch filters. It can be observed form the Figure 10 that the AC components with frequency of 1 2 in the stator current has been eliminated by the notch filters and there exist the AC components with a frequency of 1 2 in the stator current without the notch filters. Moreover, the difference between the simulation result and theoretical analysis result of the Phase-C current is very small, which validate the effectiveness of the theoretical analysis.
In addition, there are only damped DC components and steady-state fundamental frequency components in the stator currents based on the aforementioned analysis. For the fundamental frequency components, there are non-linear relationships between the fault voltage and the fault current of the DFIG. Hence, on the condition that the control target for "balanced stator current" is applied in the DFIG, the DFIG can be represented by a controlled positive-sequence current source. On the condition that the control target for "balanced rotor current" or "constant electromagnetic torque" is applied in the DFIG, the DFIG can be represented by a controlled positive-sequence current source and a controlled negative-sequence current source.
Conclusions
The fault current characteristics of the DFIG are studied in this paper on condition that an unbalanced fault occurs and the rotor windings are excited by the AC/DC/AC converter. Under unbalanced fault conditions, the electrical variables oscillate at twice the grid frequency in the synchronous dq frame. In the engineering practice, notch filters are usually used to extract the positive and negative sequence components in the synchronous dq frame. Hence, the notch filters have a large influence on the fault current characteristics of the DFIG. In this paper, the dynamic performance of the stator flux linkage and the rotor current are analyzed. Based on this, the stator fault current characteristics of the DFIG under unbalanced fault conditions are studied. This study is of great significance for safe and stable operation of the power grid with penetration of DFIGs. The obtained conclusions can be drawn as follows:
(1) The amplitude and phase angle of the stator flux linkage in the DFIG are changed by the notch filters. Moreover, the range of the PI parameters and the dynamic performance of the RSC are also influenced by the notch filters. (4) For the fundamental frequency component, on the condition that the control target for "balanced stator current" is applied in the DFIG, the DFIG can be represented by a controlled positive-sequence current source. On the condition that the control target for "balanced rotor current" or "constant electromagnetic torque" is applied in the DFIG, the DFIG can be represented by a controlled positive-sequence current source and a controlled negative-sequence current source. This is helpful to meet the requirements of a practical short-circuit calculation and the construction of a relaying protection system for the power grid with penetration of DFIGs. 
